We report measurements of the non-equilibrium electron energy distribution in carbon nanotubes. Using tunneling spectroscopy via a superconducting probe, we study the shape of the local electron distribution functions, and hence energy relaxation rates, in nanotubes that have bias voltages applied between their ends. At low temperatures, electrons interact weakly in nanotubes of a few microns channel length, independent of end-to-end conductance values. Surprisingly, the energy relaxation rate can increase substantially when the temperature is raised to only 1.5 K.
2 contrast, measurements of the non-equilibrium electron energy distribution function, f(E), may directly determine e-e scattering and energy relaxation processes that are not apparent in the DOS [9] [10] [11] . In this Letter, we describe the first measurements of the nonequilibrium f(E) in carbon nanotubes. Extracting the non-equilibrium f(E) requires a means of biasing the electrons out of equilibrium while tunneling from a weakly coupled probe having a sharp feature in the DOS, such as a superconductor. Such a tunneling spectroscopy technique was first demonstrated on mesoscopic metal wires [12] , where the non-equilibrium f(E) and hence the scattering rate between quasiparticles were quantitatively determined [12] . Here, we perform similar experiments on carbon nanotubes, which, unlike the mesoscopic wires, are expected to be purely onedimensional systems.
Our devices consist of metallic single-walled carbon nanotubes (diameters 1-3 nm, lengths 1.1-2.0 µm) having high conductance Cr/Au contacts at each end, a Pb superconducting tunneling probe in the middle, and a heavily doped Si substrate as a backgate (Figure 1(a) ). The tunnel probes are separated from the nanotubes by a thin layer of AlO x , and the tunneling resistances through the probes, R tunnel ~ 1-5 MOhm, are typically 10-100 times larger than the nanotubes' end-to-end resistances, R end-to-end .
Measurements were made through heavily filtered leads in a top-loading dilution refrigerator. Tunneling differential conductance measurements were performed by applying a sum of dc bias voltage V and ac excitation voltage V ac to the superconducting probe, and a voltage V g to the back gate, while measuring the current I at one of the nanotube end contacts (see Fig. 1(a) ). For the non-equilibrium measurements, a non-zero DC voltage U was applied across the nanotube end contacts. Note that because R tunnel >> R end-to-end , measurements of the tunneling differential conductance should not significantly perturb the electron distribution in the nanotube in comparison to U [13] . For this manuscript, four devices, on separate chips, were measured in detail; all behaved similarly in non-equilibrium measurements.
The measurement regime is determined by the nanotube end-to-end conductance: 
where R T is the tunnel resistance of the junction, E is the energy relative to the Fermi energy of the nanotube, n s is the normalized BCS superconductor DOS, n nt is the normalized nanotube DOS, and f nt and f s are the Fermi distributions of the electrons in the nanotube and Pb probe, respectively. We extract the nanotube DOS n nt (E) from the equilibrium tunneling data by deconvolving Eq. (1). Although n nt (E) should have power law dependence as a function of E if the nanotube is an ideal Luttinger liquid, this behavior is not usually seen in our samples (see Ref [14] and Supplementary info); it may be masked by the level discreteness, as the Thouless energy ħv F /L ~ 0.26 mV is comparable to the measurement temperatures [15] . We next apply a non-zero voltage U across the end contacts to drive the electrons in the nanotube out of equilibrium [12] : this introduces phase space for e-e scattering and allows us to measure the energy relaxation rates which may be due to this scattering.
Because a complete theory for tunneling into a non-equilibrium one-dimensional system
has not yet been formulated, we follow the precedent set in metals [12] and model our data using Eq. (1) with f nt,U (E) to be determined by experiment. In metal wires, f U (E) depends on the extent of electron energy relaxation in the wire, i.e. on the product of the inelastic scattering rate and the dwell time of an electron in the wire. This dependence can be understood by first considering two extreme cases: no inelastic scattering between electrons and strong inelastic scattering between electrons. In the first case, the non-5 interacting distribution function preserves the distributions of the two leads [17] :
are the Fermi distributions in the left and right end contacts (with the right end grounded), respectively, and r is the weight of f L (E) (determined by the tunneling rates into the two ends of the tube, the diffusivity of the nanotube, and the position of the superconducting probe [12, 18] ). When eU >> k B T, f 0 (E) is a two-step function. In the case of strong inelastic scattering between electrons a local electronic thermal equilibrium is created, with an effective temperature T eff ~ eU/k B when eU >> k B T [12, 19] . This "hot" Fermi distribution is marked by a single broadened step. In general, the steady-state distribution function f nt,U (E) is between these two extreme cases and the shape of the distribution function reveals the extent of inelastic e-e scattering.
At T = 1.3 K, we see evidence of both strong and weak inelastic e-e scattering. the superconducting peaks clearly split, implying two sharp steps in the electron energy distributions and hence weak scattering at finite U. This behavior can be compared to that at T = 1.5 K (Fig. 3(d) ) where the lack of superconducting peak splitting implies a broad electron energy distribution and strong inelastic e-e scattering. Note that the superconducting peaks at 53 mK are much sharper than those at 1. have similar peak splittings although the first is taken at a conductance peak and the second at a conductance valley (see insets). In general, we do not observe the effects of inelastic e-e scattering at these low temperatures, even in data taken at eight different gate voltage values where the tube conductance varies by a factor of 20.
In Fig. 4 we show the electron energy distribution functions extracted from the tunneling data in Fig. 3 ; the deconvolution was done using the differential form of Equation (1) (see Ref. [21] and Supplementary info). The shapes of the distributions are 7 as expected from the behaviors of the peaks in Fig. 3 and the discussion above. The existence of double-step distribution functions for some of the curves (e.g., Fig. 4(a)) indicates that it is possible for the electrons to maintain their energy distribution across the lengths of the samples. However, surprisingly, the distribution functions are sometimes smeared and one-step-like near T ~ 1.3 K (c.f., Fig. 4(b) ), even though U >> k B T/e. At lower temperatures, the distribution functions are always two-step like (Figs. 4(e)-(f)) and describe a system with weak energy relaxation. We note that the calculated distribution functions are very robust to small changes of Δ and n nt,U (E) in the deconvolution process, implying that the shape of f(E) is rather independent of the precise details of the fitting procedure. In addition, although some aspects of f(E) are affected by the fitting procedure (e.g. a positive slope for U = 0.5 mV near f(E) = 0.5 in Fig. 4 Our results may be consistent with theoretical predictions of no energy relaxation in out-8 of-equilibrium Luttinger liquid systems [11, 22, 23] unless the system is disordered [11] .
Future experiments will examine the roles of tube length and disorder, and it is hoped that our results will also motivate further theoretical work. Overall, tunneling spectroscopy with a superconducting probe is a powerful new tool for characterizing e-e scattering in carbon nanotubes.
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